Abstract. The shapes of typical Hawaiian volcanoes are simply parameterized, and a relationship is derived for the dependence of lava accumulation rates on volcano volume and volumetric growth rate. The dependence of lava accumulation rate on time is derived by estimating the eruption rate of a volcano as it traverses the Hawaiian plume, with the eruption rate determined from a specified radial dependence of magma generation in the plume and assuming that a volcano captures melt from a circular area centered on the volcano summit. The timescale of volcano growth is t -2R/Vplat e where R is the radius of the melting zone of the (circular) plume and Vplat e is the velocity of the Pa, cific plate. 
The models discussed here can be considered quantifications of aspects of Hawaiian geodynamics and volcanology that are either fairly obvious or have been addressed to some degree in previous volcanological and geodynamic studies [Bargat and Jackson, 1974; Lipman, 1980 Lipman, , 1995 Ribe, 1988] . The existence of a Hawaiian plume is accepted, and it is assumed to have radial symmetry. The issues addressed here follow from the plume model and geometrical constraints imposed by volcano shapes.
Plume Structure and Magma Supply
Models of mantle plume flow such as that of Watson and McKenzie [1991] or Hauri et al. [1994] attribute to the plume a radial structure consisting of a hot central core, with temperature decreasing radially outward from the plume axis. As the plume material is advected upward into the temperature range of melting, more magma is produced along the axis of the plume than at positions distant from the axis. The integrated amount of melt produced per unit cross section of the plume is described approximately by a Gaussian distribution as a function of radial distance r from the plume axis [Watson and McKenzie, 1991] . As a volcanic center moves across the top of the plume the supply of magma to the volcano can be assumed to track the magma production rate in the plume, so that the eruption rate of the volcano starts out small, gradually increases to a peak value and then gradually decreases again to zero [e.g., Frey et al., 1990; Lipman, 1995] . For the purposes of constructing a model, we assume that the magma production rate per unit area of the plume is described by the following function of r' G(r) = G(0) exp (-r2/a2R 2) cos (rrr/2R),
which is close to a Gaussian distribution but truncated at r = R, the nominal plume radius. The value of G (0) is chosen so that the total plume melt production is appropriate, and we use a = 0.64 which is arbitrary. For Hawaii the total melt production Gplum e is believed to be about 0.1 to 0.2 km3/yr [Moore, 1987; Watson and McKenzie, 1991] . The region of high sublithospheric temperature associated with the plume is drawn into a teardrop shape in plan view by the movement of the lithosphere over the plume [Ribe and Christensen, 1994 ], but it is uncertain whether the melting region is similarly deformed. We retain the radial symmetry for the modeling and comment below on the effects of a teardrop geometry. The amount of magma supplied to an individual volcano per unit time is some fraction of Gpl .... depending on the horizontal distance over which melt can be focused to a single volcano and the path of the volcano summit over the plume. 
Geochemical Sampling of the Plume
Entrainment of surrounding mantle material may give the plume a radial chemical and isotopic structure that has some similarities to the radial temperature structure [Hauri et al., 1994, this issue] . A volcano traversing the plume samples the radial chemical structure systematically, but the geochemical signal is smeared because of the size of the sampling area. Figure 2 shows how a volcano having a 0.48R radius sampling area expresses radial plume structure (an isotopic ratio) depending on its path over the plume. Figure 2 is calculated assuming that the plume chemical structure mimics the temperature structure and assuming that the concentrations of elements of interest do not vary with position in the plume. The important point is that, at any time, a volcano samples a substantial fraction of the plume and therefore may never erupt lavas that are perfectly representative of the central plume. Furthermore, if the sampling area model is relevant, there should be systematic differences, for example, between Mauna Loa and Mauna Kea when compared at an equivalent Figure 3 . If the volcano is elliptical rather than circular in plan view, the radii as used here would be equivalent to the square root of the product of the major and minor radii of the ellipse. The volcano cross section is described by the outward slopes of the subaerial part of the volcano (slope = a) and the submarine flank of the volcano (slope = /3) and the inward slope of the base of the volcano (slope = 3/). An additional parameter is also used, the depth h m of the moat measured at the base of the volcano flank, which accounts for the fact that the entire surface of the lithosphere is depressed by the weight of the volcano out to a distance that is greater than the volcano radius [Walcott, 1970;  
where H a and O/a refer to the more slowly growing volcano. During shield building, when the recurrence interval is less than 1000 years and the accumulation rates are ---30 m/kyr (see estimates below), the width of the interfingering zone is predicted to be only about 200 m in the plane connecting the volcano summits if the slopes are of order 5 ø . In fact, it can be more than this because the cone slope may lessen near the saddle.
To determine the interface slope in an arbitrary plane using (5) or (6), it is necessary to use the slopes of the volcano surfaces projected into that plane. In general, the lavas of adjacent volcanoes will be interfingered only over a restricted horizontal distance; therefore the subsurface interface should be defineable to within 300 to 1000 m or so, its width increasing with distance from the plane containing the volcano summits. An uncertainty of +-1 km or even +_2 km in the horizontal location of an interface is not significant for defining the subsurface shapes of volcanoes with radii of order 50 km.
Generic Volcano Growth Models
In order to obtain first estimates of lava accumulation rates, we take the plume radius R as 50 km and the Pacific plate velocity as 10 cm/yr. The plate velocity used is somewhat larger than the 8.6 cm/yr estimated from the age-distance relations for the Hawaiian part of the Hawaii-Emperor chain but less than the value of 13 cm/yr recently proposed by Moore Figures 7b and 7c) ; thereafter it will be maintained at that value or increase slowly. As the two volcanoes grow concurrently, the interface between the two volcanoes (in the vertical plane including the two summits) is steep for several kilometers upward from the base of the volcanoes because the The models suggest that there is nothing inherently problematical with the age of Kilauea being 600 kyr; in which case it has probably been in growth competition with Mauna Loa for a long time, only recently beginning to prograde up the Mauna Loa slope as the Mauna Loa eruption rate declines. Given that the eruption rates for Kilauea should be similar to or slightly larger than those for Mauna Kea, the model suggests that Kilauea is about 60% of the way through its active shieldbuilding lifetime (t' : 0.6), that its current eruption rate is about 0.{)9 km3/yr, its volume about 20,000 to 25,000 km 3 (Figure 8) , and its subaerial lava accumulation rate about 12 to 15 m/kyr and decreasing. The historical eruption rate is esti-mated at about 0.1 km3/yr [Clague and Dalrymple, 1987 ] and the volume is estimated to be somewhat less than 20,000 km 3 [Lipman, 1995] On the basis of lava accumulation rates, Mauna Loa appears to be at a growth stage corresponding to t' = 0.80 to 0.85, so it is 98-99% of full volume and presumably has an age of about 800-850 ka. Considering the 10 cm/yr plate velocity, Kilauea should be at a growth stage corresponding to t' • 0.6, which would mean its age is about 550-600 ka and it is currently at about 70% of full volume. Loihi is expected to be at the stage corresponding to t' = 0.16 (age of 160 ka and about 3% of full volume). The model results imply that volcanoes typically start growth on the seafloor close to the base of a preexisting volcano but normally not on the preexisting volcano's submarine slope. The bases of the older volcanoes are predicted to extend under the younger overlapping volcanoes to a point within about 10 km of the summit location of the younger volcano. When the model is applied to the youngest volcanoes, we calculate that the boundary between Mauna Loa and Kilauea is nearly vertical and just a few kilometers to the Mauna Loa side of the Kilauea summit.
Because each volcano samples a substantial cross-sectional area of the plume at any one time, if the plume has a radial geochemical structure, this structure is expected to be represented in the lavas in a subdued form due to the mixing of components derived from different radial positions in the plume. Depending on the detailed radial structure of the plume, the axial plume component may or may not appear undiluted in the lavas, and in any case will not be seen in volcanoes like Mauna Kea whose summits pass over the plume many kilometers to the side of the plume axis. Although the physics governing the shape and size of the magma collection area of a volcano are poorly known, an ad hoc model of a circular collection region of---50-km diameter, produces geochemical patterns resembling those observed.
In order to build a more advanced model relating plume structure to volcano growth and composition, one needs to be able to predict the initiation of volcanoes and their subsequent magma supply and to have a better model for the geometry of the plume melting zone. The summits of Hawaiian volcanoes are not equally spaced, so there is likely to be a stochastic component to the problem of when volcanoes are initiated. The plume, which we have modeled as circular, is more likely to have a teardrop shape with the tail pointing northwestward as a result of the upper mantle flow [cf. Ribe and Christensen, 1994] , and relative to the circular plume model, the volcanoes may get initiated relatively late and have a drawn-out senescence [Lipman, 1995] . If the latter is true, as we suspect, then the end-of-growth datum for volcanoes is likely to be an unreliable age indicator for estimating plate velocity unless the age difference between volcanoes is large compared to a volcano lifetime. The volcano growth that would result from an asymmetric melting region would tend to modify the model results described here mainly in the early stages of growth, so that the volcanoes would breach the sea surface faster.
